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Introduction
Salt-induced protein precipitation from aqueous solution is often the sole step in protein purification (Rothstein, 1994; Scopes, 1994) Understanding intermolecular forces between protein molecules is also vital for proteincrystallization science and technology. High-quality crystals are necessary for determining three-dimensional protein structure by x-ray crystallography. Finding conditions that yield high quality crystals is often the most time-consuming step in the structure-determination process.
Recent work has focused on correlating precipitation and crystallization conditions with the osmotic second virial coefficient and the potential of mean force (PMF) (Vlachy et al., 1993; George and Wilson 1994; Chiew et ai., 1995; Rosenbaum et ai., 1996; Guo et ai., 1999; Neal et ai., 1999) . Dynamic-Light-Scattering (DLS) data give the dependence of the protein diffusion coefficient on the concentration of protein and solution conditions. This dependence can be related to the PMF to obtain model parameters (e.g. Kuehner et al., 1997; Eberstein et aI., 1994) . Once a model for the PMF is available, the second osmotic virial coefficient can be calculated (McMillan and Mayer 1945) . George and Wilson (1994) have shown that the crystallization of lysozyme occurs over a narrow range of second virial coefficient values. For positive coefficients (i.e., repulsive interactions) lysozyme remains stable in solution, but when the coefficient is large and negative, lysozyme forms an amorphous precipitate.
Hen-egg-white lysozyme has been extensively studied due to its compact globular structure and stability over a wide range of solution conditions. Sophianopoulos and Van Holde (1961, 1962) were the first to report the pH-dependent self-association of lysozyme. Equilibrium-sedimentation studies revealed lysozyme aggregation at 20°C in 0.15M KCI solutions for protein concentrations up to 15 g/~. Later studies (Sophianopoulos, 1969) showed that the pH-dependent dimerization mechanism involved the deprotonated form of Glu-35 in the active site (Glu-35 has an unusually high pKa of 6.3). Below pH 4.5, there is no dimerization because the Glu-35 carboxylic acid remains protonated. Lysozyme aggregation is a result of attractive interaction between the deprotonated Glu-35 carboxylic acid and a protonated nitrogen on the Trp-62 side chain of a neighboring lysozyme molecule. This leads to a head-to-tail association (Blake et al., 1967; Repley et ai., 1967; Sophianopoulos, 1969; Banerjee et al., 1975; Norton and Allerhand, 1977) .
In this work, DLS measurements are reported for hen-egg-white lysozyme at concentrations to 30 giL in aqueous-MgCh solutions for the temperature range 10 to 2 30°C. Solution pH was maintained at pH 4.0 to assure that any lysozyme association is not due to head-to-tail association. Kuehner et al. (1997) have performed DLS experiments with lysozyme in aqueous-ammonium-chloride solutions for an ionic strength range 0.05 to 5 M and pH range 4.0 to 7.0. Ammonium chloride preferentially hydrates the lysozyme surface (Arakawa, 1990) . MgClz was chosen for this study because Mg2+ is a highly kosmotropic ion that is able to bind to protein surfaces and to structure water molecules (Collins, 1997) .
Materials and Methods

Lysozyme Solution Preparation'
Lysozyme was purchased from Boehringer Mannheim (Germany). Gel electrophoresis showed less than 1 % contamination by other proteins, and therefore no further purification was performed. Reagent -grade MgClz was purchased from Fischer Scientific (Pittsburgh, PA). Syringe-tip 0.2-~ll11 pore-size filters were purchased from Millipore (Bedford, MA). Deionized water was obtained from a Barnstead-Nanopure II filtration unit.
A 4L stock solution of salt was prepared by weighing the appropriate amount of salt for a given ionic strength and dissolving it in deionized water. The pH of the solution was adjusted to 4.0 using aqueous Hel of the same ionic strength as that of the salt solution.
3 Lysozyme was dissolved in 20 mL of the salt-stock solution. Although gel electrophoresis showed minimal protein contaminants, small amounts of salts are present in the lyophilized lysozyme. While these salts are not significant scattering species compared to lysozyme, they may influence protein-protein interactions. Therefore, the protein-salt solution was dialyzed against the salt solution to minimize the amount of salt contaminants. Dialysis tubing with a molecular-weight cut-off of 6000 to 8000 was purchased from Spectrum Medical Industries (Los Angeles, CA). After dialysis, the pH of the protein-salt solution was adjusted with HCI of the same ionic strength as that of the salt-stock solution. Since the protein solution has a small natural buffering capacity, the pH was stable over the duration of the light-scattering measurements. The pH of the solution was measured after each series of measurements to check pH stability.
Precision-ground Pyrex NMR tubes with 12-mm O.D., 0.5-mm wall thickness (Wilmad Glass, Buena, NJ), and 5-ml volume were thoroughly cleaned before sample loading.
The tubes were stored in concentrated H 2 S0 4 until needed. They were first rinsed with filtered deionized water and placed in a 2 M NaOH solution containing 3.5g/L KMn04 for two hours. The tubes were again rinsed with filtered deionized water and stored in 1 M HCl until needed. Before sample loading, the tubes were again rinsed with filtered deionized water and allowed to dry. All transfers were performed in a laminar-flow hood to minimize dust contamination. Dynamic light-scattering (DLS) measurements were made for a range of scattering angles at ten-degree increments from 30 to 90°. At least three measurements were made at each angle. Time for data collection ranged from ten minutes to one hour depended on the concentration of protein and the angle of detection. A minimum of 5x 10 8 photons was collected for statistically meaningful data. Data were rejected if the difference between the calculated and measured base)ines was greater than 0.02%. To assure that thermal equilibrium was maintained throughout the duration of the experiment, an additional measurement at 30° was taken and compared to the 30° measurements at the start of the experiment.
The temperature was lowered by SoC after each series of measurements. Again the sample was allowed to equilibrate for at least one hour before measurements were made.
The temperature of the sample was not lowered below 10°C due to fogging of the windows on the light-scattering apparatus. Light-scattering measurements were made for a specific ionic strength and temperature at three protein concentrations.
The pH of the sample solution was checked after each series of measurements. For any experiment, the change in pH was less than 0.1 units. The filtration process removed aggregates of lysozyme. The concentration of lysozyme generally decreased no more than 5 % from the initial concentration. Protein concentrations were determined by measuring absorbance at 280 11m and 25°C using a Beckman DU-6 spectrophotometer with an extinction coefficient for lysozyme of 2.365 Ltg-cm (Sophianopolos and Van Holde, 1964) . The refractive index of the protein solution was measured at the 6 appropriate temperature using a Zeiss refractometer and white light. Viscosity of MgClz solutions as a function of ionic strength and temperature were measured using an
Ubbelohde viscometer with water as a reference.
Data Reduction
DLS measurements were made at three protein concentrations for the ionic strengths (IS) and temperatures given in Table 1 . Measurements could not be obtained for IS 1.0 at 15 M and lOoe due to rapid precipitation of the lysozyme solution.
The signal generated by the light scattered from diffusing particles can be analyzed by its intensity autocorrelation function, 0'( r):
where let) is the scattered-light intensity at time t and l(t + r) is the scattered-light intensity at some later time (t + r). The normalized intensity autocorrelation function
The electric-field autocorrelation function gEe r), is related to the normalized intensity autocorrelation function by (3) where B is an equipment parameter.
For a monodisperse system of particles, gEe r) follows a simple exponential decay with decay constant r.
For a system containing a distribution of different-sized particles, gEe r) becomes the sum of the electric-field autocorrelation functions of each of the species weighted by the concentration of the species in solution. The quadratic-cumulant-expansion analysis (Koppel, 1972) was used to obtain an apparent decay constant, rap, which represents an average decay constant for all species in solution (monomers, dimers, eet.). The second cumulant in the analysis, Q, provides an indication of the polydispersity of the system.
For most experiments, Q was less than 0.02 indicating a narrow protein-size distribution with few aggregates. For the few cases when Q was greater than 0.02, inversion of the autocorrelation function was performed with a Brookhaven Instruments Corp. version of CONTIN program (Provencher, 1982a and 1982b) . CONTIN results showed a narrow unimodal diffusion-coefficient distribution near the value given by the quadraticcumulant result. This analysis showed that lysozyme is a monomer at solution conditions studied here.
The apparent diffusion coefficient, D{/I" for lysozyme molecules was calculated from (5) 8 where q is the magnitude of the scattering vector. An apparent diffusion coefficient is used here since lap is an intensity-weighted concentration average of all species (monomers, dimers, ect) in the aqueous protein solution. The magnitude of the scattering vector, q, was calculated from
where n is the refractive index of the protein salt solution, Ala,er is the wavelength of the laser light, and 8 is the scattering angle of detection. 
Infinite-Dilution Hydrodynamic Radii
To calculate the hydrodynamic radius, of a lysozyme molecule at different solution conditions, the viscosities of MgCh solutions were measured. Results are given in Table 2 .
The infinite-dilution hydrodynamic radius, rH, is calculated from the Stokes-Einstein equation for infinitely-dilute monodisperse spheres:
where!" is the hydrodynamic friction factor, kB is Boltzmann's constant, T is absolute temperature, and 1] is the viscosity of the solvent. Calculated hydrated radii of lysozyme (I in MgCh solutions are given in Table 3 and a comparison plot is given in Figure 3 .
There does not appear to be a clear trend for the hydrodynamic radius as a function of ionic strength or temperature. The average hydrodynamic radius from the DLS data is 18.6 ± o.sA.
The crystal structure of hen-egg-while lysozyme determined by x-ray crystallography (Brookhaven protein database structure 2L YZ) is a prolate ellipsoid of revolution with major semiaxis <X x =22.sA and symmetric minor semiaxes ~x=lsA. The equivalent spherical radius of a lysozyme monomer is 17.2A. The difference between the calculated hydrodynamic radius and the crystal structure radius is l.4A. Figure 4 (a-c) shows the normalized apparent diffusion coefficient DOli/Do plotted as a function of proteinvo)ume fraction at fixed ionic strength, where DO llP is the zero-angle extrapolated value at each protein concentration. Protein concentration is expressed in terms of protein volume fraction given by <I> = cpMvllOOO where M is the molecular weight of lysozyme (14,400 g/mol) and v is the partial specific volume of lysozyme (0.703 mUg) (Sophianopoulos el al., 1962) . The slope of this line, A, contains information about interactions between protein molecules. Relationships between A and the potential of mean force (PMF) have been derived (Felderhof, 1978 : Batchelor, 1983 Figure 4 (a-c) shows that A becomes more negative as temperature decreases at fixed ionic strength, indicating increasing attractive interactions, as expected. , 1997 : Muschol and Rosenberger, 1995 : Eberstein et al., 1994 . The previous studies contained salts that preferentially hydrate the lysozyme surface. Arakawa et al. (1990) determined the solubility of lysozyme· in MgCb solutions. The solubility near zero salt concentration is very high ( >250 gIL) and sharply decreases to a minimum solubility at ionic strength 0.9 M. Above this salt concentration, the solubility of lysozyme in MgCb solutions increases. Our observed minimum in A at 0.84 M is in very good agreement with Arakawa's solubility studies.
Concentration-Dependent Diffusivities
Cloud-poinHemperature (CPT) studies have been reported for lysozyme at a fixed protein concentration 87 giL in MgCb solution at pH 7.0 (Broide, 1996) . The CPT is the temperature for liquid-liquid phase separation. The CPT is an indication of the net attractive interactions between protein molecules; the higher the CPT, the greater the net , .
attractive interactions. Broide reported a maximum in the CPT for lysozyme in MgCh 12 solutions at ionic strength 0.9 M. Above MgCh ionic strength 0.9 M, the net attractive interactions decrease. Broide's observation is in good agreement with the present study.
Discussion
Numerous authors (e.g. Retailleau et ai., 1999; Piazza, 1999; Rosenbaum and Zukoski, 1996) have described phase behavior of simple colloidal systems using simple pair Regression of model parameters for pair potentials has been performed for DLS measurements of lysozyme. Kuehner et al. (1997) reported DLS measurements of lysozyme in ammonium sulfate solutions as a function of ionic strength, protein concentration, and pH. The attractive interaction parameter decreases as ionic strength rises but becomes nearly constant at 1.0 M ionic strength due to screening of electrostatic repulsion between proteins molecules. The attractive interaction parameter increases at higher ionic strength due to osmotic attraction of protein molecules at higher salt 13 concentrations. The Hamaker constant and net charge on the protein molecule regressed from the DLS were 8.9k B T and 5.5, respectively. A similar analysis was performed by Eberstein et al. (1994) for lysozyme in acetate-buffered (pH 4.2) solutions of sodium chloride at 25°C. Muschol and Rosenberger (1995) performed static and dynamic-lightscattering measurements on lysozyme in solutions of sodium chloride and sodium acetate at pH 4.7. The Hamaker constant and protein charge were 7.2 kBT and 5.4, respectively.
Pair-potential models are able to describe the salting-out of proteins at high salt concentrations. However, at present, no pair potential model is able to account for the present DLS observations, solubility measurements, and CPT results. The models proposed by previous authors cannot explain the salting-in of lysozyme at high MgClz " concentrations. Arakawa et al. (1990) The cr ion may also bind to the protein surface. cr is a slightly chaotropic ion (Collins, 1997) . Addition of cr to a solution decreases the water structure of the solution.
Although cr may bind to the positively charged sites of the protein surface, this 14 -interaction is relatively weak compared to the Mg2+ protein interaction. Therefore, it is likely that the minimum in A is a consequence of Mg2+ binding, not cr binding, to the protein surface and not of cr binding.
These qualitative comments are supported by our recent CPT data (not published) for lysozyme in several magnesium salt solutions. In these studies, the CPT maximum decreases for magnesium salts as the anion becomes more kosmotropic. The highest CPT maximum was observed for magnesium nitrate. The N0 3 -ion is highly chaotropic and therefore breaks the water structuring around the protein surface. The lowest CPT maximum was observed for magnesium sulfate. The sol-ion is kosmotropic and further increases water structuring around the protein surface. It appears that structuring water around the protein surface plays a critical role in the net attractive force between protein molecules in aqueous solution.
In a similar manner, the minimum observed for A can be explained by ion binding. At MgCb concentrations below the minimum, the addition of salt screens the repulsive interactions between lysozyme molecules and therefore, there is a greater net attraction between the protein molecules. However, as the concentration of MgCb increases, there is a greater extent of Mg2+ binding to the protein surface producing more water structuring around the protein molecules. Structuririg of water around the protein surface provides a repulsive barrier. For protein molecules to come to close approach, the water structure around the protein must be broken. Therefore, as Mg2+ concentration increases, structuring of water increases, leading to a greater repulsive barrier and decreased net attractive interaction.
The current DLS study coupled with solubility and CPT data suggests that the pairpotential models must be modified. A model describing phase behavior must account for interactions beyond Coulombic, van der Waals, and osmotic forces. The extent of ion binding and water structuring at the protein surface and solution must be taken into 
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